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    Multiciliated cells (MCCs) drive directional fluid flow in diverse tubular organs and 
are essential for development and homeostasis of the vertebrate central nervous system, 
airway, and reproductive tracts.  These cells are characterized by dozens or hundreds of 
long, motile cilia that beat in a coordinated and polarized manner. In recent years, 
genomic studies have not only elucidated the transcriptional hierarchy for MCC 
specification, but also identified myriad new proteins that govern MCC ciliogenesis, cilia 
beating, or cilia polarization. Interestingly, this burst of genomic data has also highlighted 
the obvious importance of the “ignorome,” that large fraction of vertebrate genes that 
remain only poorly characterized.  Understanding the function of novel proteins with 
little prior history of study presents a special challenge, especially when faced with large 
numbers of such proteins.  Here, we explored the MCC ignorome by defining the 
subcellular localization of 260 poorly defined proteins in vertebrate MCCs in vivo. Based 
on this localization data, we selected some targets of MCC ignorome for further 
functional studies because they could possibly play key roles in the regulation of 
ciliogenesis. We characterized Myo5c as the motor for basal body apical migration, 
 vi 
Arhgef18 as the RhoA signaling activator at the basal bodies, and Dennd2b as a regulator 
of actin network formation and ciliogenesis. All of these findings have deepened our 
understanding about molecular mechanisms of related cellular process. This study 
exemplifies the power of high content protein localization screening as the bridging step 
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Chapter 1: General introduction  
1.1 MULTICILIATED CELLS ARE WIDELY DISTRIBUTED IN HUMAN BODIES AND PLAY 
VITAL PHYSIOLOGIC FUNCTIONS IN DIFFERENT ORGANS AND TISSUES. 
Multiciliated cells (MCCs) are a specific type of epithelial cell that have dozens 
or hundreds of cilia extending from the cell surface1. Each cilium is a microtubule based 
and membrane enveloped small protrusion. MCCs play different functions in different 
organs and tissues by generating directional fluid flow through synchronized and 
coordinated cilia beating2-5. For example, ependymal cells are multiciliated epithelial cells 
that line the walls of the ventricles in the adult brain, circulating cerebrospinal fluid.  
Defects in ependymal cell development or functions lead to cerebrospinal fluid 
accumulation and expansion of ventricles, resulting in hydrocephalus2, 5. MCCs are also 
distributed on the epithelia of human upper airway, where the beating of cilia propels 
excess mucus and debris out of the airway.2, 4 There is also evidence suggesting that these 
cells are chemosensory, and as such they are able to modulate their activity in response to 
environment stimulus6. Defects in airway MCCs lead to compromised host defense and 
recurrent infections of the airways2, 4. MCCs are also found in the oviduct of female 
reproductive tracts and are responsible for ova transportation. Defects in oviduct MCCs 
may lead to infertility2, 3. In all, MCCs play important physiologic functions in human 
bodies, and defects in these cells cause awide range of severe diseases in patients. Thus, 
studying the development of MCCs and the regulation of MCC functions are of great 








1.2 DEVELOPMENT OF MCC IS A MULTISTEP PROCESS INVOLVING DISTINCT CELLULAR 
BEHAVIORS. 
1.2.1 MCC cell fate determination is controlled by signaling pathways and 
transcription factors 
    In Xenopus epithelium, MCC precursor cells differentiate from progenitor cells in 
the deep layer of epithelium under control of many signaling pathways and transcription 
factors7, 8.  
Notch signaling suppresses MCC cell fate determination. Activation of Notch 
signaling blocks MCC differentiation and results in more secreting cells instead9-11. What 
lies upstream of Notch signaling in MCC cell fate determination is still unknown. MiR-
449 has been shown to enhance ciliogenesis through inhibition of Notch signaling by 
directly binding to the mRNA and reducing the transcript level of Notch activating ligand 
Dll112.  BMP signaling also suppresses ciliogenesis, but it is required for MCC 
intercalation, suggesting that BMP signaling plays different roles at different 
developmental stages of MCC13. Wnt signaling enhances ciliogenesis14. However, it is 
still not clear how these different signaling pathways cooperate to determine MCC cell 
fate.    
    Many transcription factors have been identified as ciliogenesis regulators. Gemc1 
(Geminin coiled-coil domain-containing protein 1) is a master transcription factor 
required for proper ciliogenesis and is sufficient to induce ectopic ciliogenesis in 
nonciliated cells15-17. Gemc1 functions downstream of Notch signaling but upstream of 
Mcidas and Foxj115.  
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    Foxj1 (forkhead box protein J1) is also required for ciliogenesis, however, ectopic 
expression of Foxj1 is only able to induce single or double cilia in each cell, indicating 
other factors are required for multiciliation18, 19.  Many of Foxj1 induced genes are 
shown to have specific localization in ciliated cells and are required for ciliogenesis20.  
    Inhibition of Notch signaling leads to activation of Mcidas (multiciliate 
differentiation and DNA synthesis associated cell cycle protein) expression21. Ectopic 
expression of Mcidas is able to induce multiciliation21. Mcidas does not activate 
transcription directly but binds to E2F4/5 transcription factors as a complex to activate 
the ciliogenesis program22. 
    The RFX (regulatory factor X) family of transcription factors are broadly required 
for ciliogenesis in different organisms and different tissues7, 23, 24. Rfx2 is highly and 
specifically expressed in Xenopus MCCs and is required for MCC development but not 
for MCC cell fate determination, and Rfx2 is not sufficient to induce ciliogenesis 
ectopically in other cells24.  
The relationships between these transcription factors are still unclear.  Gemc1 is on 
the top of this transcriptional controlling network15, because it is able to activate 
expression of Mcidas and Foxj1, which are at the same level downstream of Gemc115. 
Rfx2 is more likely an enhancer of ciliogenesis7, 25, which is further supported by the 
finding that Rfx2 and Foxj1 forms a complex that binds at the promoters of ciliary genes 
and activate their expression26.  Moreover, all of these transcription factors control very 
different profiles of target genes. However, only a very small fraction of target genes are 
shared by these transcription factors. Thus, it is of great importance to study the functions 
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of the target genes of these transcription factors to understand more fully about their roles 
in regulating the development of MCCs.    
 
Figure 1.1 Transcriptional regulation of MCC  
The network of different transcription factors controlling MCC differentiation. Figure adapted from 
Spassky and Meunier, 20172 
 
1.2.2 MCC precursor cells intercalate through cell junctions  
    MCCs are born from progenitor cells basal to the epithelium.  After the cell fate is 
determined, MCC precursor cells migrate apically from the deeper layer of the epithelium 
to the surface layer through tricellular junctions, in a process called cell radial 
intercalation9, 27.  The detailed molecular mechanism controlling MCC precursor cell 
intercalation is still unknown28, 29, however evidence suggests that this process is tightly 
regulated on different molecular levels. Knocking down Rfx2 leads to multiple defects of 
MCC development including cell intercalation defects25. Dystroglycan is expressed in the 
 5 
inner layer of epithelia, and is required for MCC differentiation and intercalation30. Many 
other proteins have been shown to be enriched at the apical surface of the intercalating 
cell, such as Rab1131, Par3 32and Vangl233. These three proteins are required for proper 
intercalation of MCC, possibly because they are required for establishing the polarity of 
the cell. 
1.2.3 MCC precursor cells integrate into the existing epithelia through apical 
emergence  
When MCC precursor cells reach the surface of the apical layer of epithelia, they 
expand their cell surfaces while integrating into the existing epithelia, in a process  
termed as apical emergence34. Apical emergence is a cell behavior conserved in different 
self-renewing tissues and organs, however the dynamics and molecular mechanisms of 
this process have not been revealed until recently. Slit2 is well studied for its role in 
regulating neuron cell migration. Chung et al., found it was an Rfx2 direct target gene 
that was required for MCC precursor cell apical emergence. With Slit2 knock down, 
MCC precursor cells were able to reach the surface of the epithelia but failed to expand 
their cell surfaces25. By long time-lapse in vivo live imaging and biophysical modeling, 
Sedzinski et al showed that the apical emergence was mainly driven by the pushing force 
generated by actin polymerization34. The detailed molecular mechanisms that 
demonstrate how the actin dynamics are regulated during the process of apical emergence 






Figure 1.2 MCC intercalation and apical emergence 
1.2.4 Transition fibers anchor basal bodies to cell membrane and recruit other 
proteins for ciliary functions  
   The transition fibers are specialized distal appendages, which anchor basal bodies to 
the cell membrane. Between each of these transition fibers, there is a gap about 60nm that 
is large enough for many macromolecules to pass through35. Many proteins have been 
identified as transition fiber components, such as Cep83, Fbf1, Cep89, Cep164 and 
Sclt136. Some evidence suggests that there are hierarchy relationships between these 
transition fiber proteins’ localizations. For example, Cep83 is required for localization of 
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Fbf1, Cep89, and Cep164; Sclt1 is required for Fbf1 and Cep164. All of these transition 
fiber proteins are required for ciliogenesis36, 37. 
Since the gaps between transition fibers are relatively large, the major functions of 
transition fibers are basal body docking and recruiting other proteins to facilitate 
ciliogenesis. For example, knocking down of Cep83 leads to failure of basal body 
docking and defects of ciliogenesis37.  Cep164 is required to recruit Ttbk2, which is 
essential for Ccp110 removal to initiate ciliogenesis. Cep164 is also able to recruit 
Inpp5e, which is required for ciliogenesis and ciliary trafficking38.  Some evidence also 
suggests that transition fiber proteins may directly contact with IFT proteins. For 
example, FBF1 directly binds to IFT54, an IFT-B component, and regulates its entry into 
cilia39.  
1.2.5 Basal body planar polarity and cilia beating 
    The cilia of each MCC beat in a synchronized and coordinated way, and the polarity 
of ciliary beating is mostly determined by planar polarity of basal body orientations.   
    Both PCP core proteins and PCP effectors have been shown to regulate basal body 
orientation polarity40, 41.  Park et al. showed that the PCP core protein, Dishevelled, 
localized asymmetrically at basal bodies. Further, that Dishevelled was required for both 
basal body docking and polarity establishment, probably through regulating RhoA 
signaling activation at basal bodies40. Butler and Wallingford showed that Prikle2 
localized asymmetrically to the ventroposterior side of the MCC cortex membrane. This 
asymmetric localization pattern was established progressively as MCCs matured, and it 
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was required for basal body polarity.41 Some proteins control basal body polarity 
indirectly through regulating PCP proteins42. For example, c21orf59/kurly bound to 
Dishevelled and was required for cilia polarized beating both in Xenopus and Zebrafish42.  
The molecular players downstream of PCP signaling are still unknown, though evidence 
suggests that polarized cytoskeleton networks are involved in this process43. 
	 	 	 	 It is believed that basal body polarity is established by connecting the striated 
rootlets to the basal feet of the nearby basal bodies, and microtubule polarity is also 
involved in this process43, 44. Werner et al. showed that the subapical actin network was 
responsible for connecting basal bodies and rootlets. Disrupting the subapical actin 
network led to severe basal body spacing defects44.  Some basal foot localizing proteins 
have been identified and shown to be required for basal body polarity establishment45, 46.  
Odf2 localized to basal feet and knocking out Odf2 led to loss of basal feet and disrupted 
basal body polarities in mice tracheal cells, probably because of the failure of connecting 
basal feet to cytoskeleton networks and rootlets45. This was further confirmed by the 
finding that Zeta-tubulin, the sixth and final member of the tubulin superfamily, localized 
specifically to basal feet and was required for subapical actin foci formation and basal 
body orientation polarity46.  So far, the detailed mechanisms about how cytoskeleton 
and basal body positions are coordinated and modulated are still unknown. 	
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1.3 ACTIN REGULATES MULTIPLE CILIARY PROCESSES 
1.3.1 Actin is involved in basal body migration and docking 
    After basal bodies are generated from the deuterosomes deep in cytosol, they 
migrate apically to the surface of MCCs47, 48. Early immunostaining and EM studies 
showed that actin and myosin were enriched around basal bodies during their apical 
migration48. Treatment with actin depolarizing drugs disrupted basal body migration49, 50. 
PCP protein Dishevelled and activation of RhoA signaling were both required for basal 
body migration40, 50, possibly through activating myosin and regulating actin dynamics in 
situ around the basal bodies. One interesting study from the Skourides lab showed that 
the focal adhesion protein Fak connected the basal body to actin networks51. Many other 
proteins were also required for basal body docking, such as, nucleotide binding 
protein1(xNubp1)52, deubiquitinating enzyme CYLD53, Rac1 regulator ELMO, Ezrin54, 
Nphp4, Daam155, Flattop56, Chibby57, and FAM9258. Defects in the proper functions of 
these proteins, they all led to severe actin network defects, basal body docking failure and 
ciliogenesis defects, though the exact mechanism details are still unknown. We still do 
not know how actin is involved in basal body migration nor what the molecular basis of 
basal body transportation system is. 
1.3.2 Apical cortex actin networks 
    Actin forms tightly regulated network structures at the apical surface of the MCC 
cortex. In the late 1980s, by EM studies, researchers found that actin and microtubules 
were enriched around basal bodies, and basal feet were connected to striated rootlets 
through these cytoskeletal filaments48, 49, 59. These findings were later confirmed by 
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immunostaining and confocal imaging experiments showing that the apical actin 
networks were composed of two layers of actin structures with different features and 
functions44, 60, 61. The apical layer formed the lattice structure around the basal bodies 
possibly responsible for anchoring the basal body to the actin network. This was 
supported by the finding that the focal adhesion complex protein Fak connected basal 
body to the actin lattice51. The subapical actin showed the foci pattern, and these foci 
were the places where the ends of rootlets were connected to basal feet of nearby basal 
bodies by actin filament. The subapical actin foci were required for basal body spacing 
and orientation polarity44, 51, 59. For example, treatment with low concentration of 
Cytochalasin D disrupted the subapical actin foci only, and this treatment led to disrupted 
basal body spacing patterns with less regulated distance between nearby basal bodies, 
with some of the basal bodies even clamped into chains44. So far, we still know almost 
nothing about the molecular mechanisms regulating the formation of these actin 
networks. 
1.3.3 Actin and ciliogenesis 
Besides regulating MCCs by apical network structures, actin seems to be 
specifically required for ciliogenesis62, 63. Many studies have shown that actin was 
required for BB docking, thus indirectly regulating ciliogenesis (this part is covered in 
basal body docking section). However, more and more evidence suggested that actin was 
able to modulate ciliogenesis directly. For example, treating the cells with Cytochalasin 
D increased ciliation rates and led to longer cilium lengths64. Cytochalasin D treatment 
was even able to partially rescue the ciliogenesis defects in IFT88 mutant cells64. 
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Additionally, the actin regulators Limk2 and TESK1 repressed ciliogenesis, possibly 
through regulating the Yap signaling pathway63. Recently, a study found that many actin 
binding proteins actually localized inside the cilium65. Thus, it is of great interest and 
importance to study how actin regulation is linked to ciliogenesis.  
1.4 CCP110 IS A KEY REGULATOR OF CILIOGENESIS 
    Centrosomal protein 110(Ccp110), was found as a novel CDK substrate, which 
localized to centrosome and was required for centrosome duplication66. Ccp110 was 
shown to be a repressor of ciliogenesis, because depletion of Ccp110 led to aberrant 
formation of cilia from the centrioles inside the cytoplasm67, 68. The reduction of Ccp110 
has been used frequently as a reliable marker for ciliogenesis initiation68. Many Ccp110 
binding proteins have been identified and characterized so far69. For example, Cep290 
binds to Ccp110, and itis able to recruit Rab8, which is required for ciliogenesis68. Kif24 
binds to Ccp110 and is able to depolymerize microtubules at the centriole to regulate 
ciliogenesis70.  
 
    Many studies focus on studying the mechanisms on how Ccp110 is removed from 
the centrosomes before ciliogenesis, and they have identified some proteins involved in 
this process. Cyclin F binds to Ccp110 and catalyzes ubiquitination of Ccp110 through 
the SCF (Skp1-Cul1-F-box protein) ubiquitin ligase complex, and the ubiquitinated 
Ccp110 will be degraded by proteasomes. Tau tubulin kinase 2 (TTBK2) is also required 
for Ccp110 removal through unknown mechanism71.  On the other hand, some proteins 
are able to stabilize Ccp110 protein stability. For example, USP33 binds to Ccp110 and 
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leads to its deubiquitination and stabilization at centrosomes72. Interestingly, some 
microRNAs are able to regulate ciliogenesis by controlling Ccp110 transcript levels. For 
example, miR-34/449 miRNAs bind to 3’ UTR of Ccp110 and lead to the decrease of 
Ccp110 level to facilitate formation of cilia73.  
    Recently, more and more evidence suggests that Ccp110 is also required for the 
proper formation of cilia, because the removal of Ccp110 prematurely leads to defective 
cilia. For example, knocking out of Ccp110 in mice led to all kinds of developmental 
defects caused by defective cilia structures and disrupted Shh signaling74. Another paper 
showed that knocking down Ccp110 in Xenopus MCCs resulted in basal body docking 
defects, probably because of the failure to recruit Fak to the basal bodies75. It is now 
believed that Ccp110 levels need to be properly regulated through the whole process of 
ciliogenesis. At the early stage, Ccp110 blocks aberrant ciliogenesis and functions as a 
protective cap at the centrosome, meanwhile, Ccp110 recruits binding partners that 
facilitate basal body migration. When the basal bodies are ready for ciliogenesis, Ccp110 
recruits proteins required for basal body priming and Ccp110 removal. At last, Ccp110 is 
removed and ciliogenesis begins69, 74, 75. The detailed mechanisms regulating the profiles 
of Ccp110 binding proteins and Ccp110 protein levels at basal bodies still remain to be 
illustrated.   
1.5 SYSTEMATIC STUDIES ON CILIOGENESIS 
    Since ciliogenesis requires the cooperation of different cellular machineries, many 
systematic studies have focused on identifying regulators of ciliogenesis and ciliary 
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functions have been performed so far76-80. Though most of these studies focused on 
primary cilia, the similar molecular mechanisms may apply to MCCs too.   
 
    RNAi screening is a powerful loss of function approach, and some papers have 
reported using RNAi to screen for ciliogenesis regulators78, 81. Kim et al. screened 7784 
therapeutically relevant genes in human cells and identified 36 positive and 13 negative 
ciliogenesis modulators. Based on their screening results, they found that actin dynamic 
and endocytic recycling were tightly coupled with ciliogenesis64. Another study screened 
19059 genes in mouse inner medullary collecting duct (mIMCD3) ciliated cell line and 
identified 112 ciliogenesis regulator candidates78. A morpholino screen in Zebrafish was 
also reported. Austin-Tse et al. screened 10 genes, whose protein products had been 
identified previously in cilium proteome, and identified CCDC65 and C21orf59 as genes 
causing primary ciliary dyskinesia82.  
 
    The transcriptome of ciliated cells contains useful information for understanding 
ciliogenesis and ciliary functions83, 84. For example, by microarray analysis of ciliated 
mice trachea epithelia cells, Hoh et al. identified 649 genes upregulated early, when most 
cells were forming basal bodies, and 73 genes upregulated late, when most cells were 
fully ciliated. They further characterized three genes that produced proteins localized to  
the centrosome and cilia 83. Similarly, by using the whole-organism RNA-seq libraries, 
Jensen et al. discovered that a cluster of 185 genes that shared signature expression 
profile to that of known ciliary genes, and they further characterized Rab28 as a novel 
regulator of the BBSome and IFT84.  
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    Many extensive proteomic studies have been performed to understand the protein 
composition of ciliary structures77, 79.  For example, Gupta et al. used proximity-
dependent biotinylation (BioID) to map the proteins present at the centrosome-cilium 
interface. With 58 bait proteins, they generated a protein interaction map with over 7000 
interactions77. Similarly, Boldt et al. used systematic tandem affinity purifications, and 
with 217 tagged human ciliary proteins, they were able to generate a protein-protein 
interaction map with 1,319 proteins, 4,905 interactions and 52 complex79. 
    Several imaging based approaches have been reported for identifying novel ciliary 
genes20, 85, 86. Hayes et al. used an in situ hybridization-based approach to analyze the gene 
expression patterns in Xenopus epithelia, because the ciliary genes would show the 
distinct salt and pepper pattern. They were able to identify over 30 ciliary genes, and 
most them have been shown to be involved in ciliary processes so far85.  Choksi et al. 
screened protein localizations of 50 Foxj1 controlling genes in Zebrafish ciliated cells, 
and further characterized their functions in ciliated cells by morpholino knock down 
experiments20.  
      Moreover, though all of these large-scale or high content studies were able to 
identify many promising novel ciliogenesis and ciliary function modulator candidates, it 
is still a great challenge to study the functions of these candidates systematically. This is 
one of the major reasons why we still know very little about the detailed molecular 
mechanisms of most ciliary processes.    
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1.6 XENOPUS EPITHELIUM IS A POWERFUL MODEL FOR MCC STUDIES. 
 
The Xenopus epithelium is a powerful model for MCC studies for the following 
reasons. On one hand, Xenopus and human MCCs share many key features. For example, 
they have similar morphology and cellular components; the cilia beating generates 
directional fluid flow on the surface of epithelia; the development of MCC and regulation 
of functional activities are under the control of similar signaling pathways and hormone 
regulations. On the other hand, Xenopus MCCs have some special features to be favored 
for MCC studies. First, unlike the human MCCs that line inside of human bodies, 
Xenopus MCCs develop on the surface of tadpole epithelia, thus they are easily 
accessible for many different manipulations, such as live imaging and drug treatments. 
Second, the development of Xenopus MCCs only takes less than 48 hours, which is much 
shorter than the development of human MCCs. The shorter developmental time not only 
speeds up research process but also enables the use of long time-lapse imaging to 
understand the dynamic cellular behaviors of MCCs. For example, Sedzinski et al. 
performed live imaging on the whole process of MCC apical emergence, which took 
about 2 hours in Xenopus. With this kind of data, they were able to study the whole 
process with biophysical modeling methods, and test the effects of different drug 
treatments on different stages of apical emergence. Likewise, both Xenopus and human 
beings are vertebrates, so they may share higher homology than other nonvertebrate 
model organisms such as Chlamydomonas and C.elegans.  At last, many molecular tools 
and methods have already been developed for MCC studies in Xenopus. For example, it 
is quite straightforward and robust to use morpholino for loss of function studies in 
Xenopus. (morpholino is a synthesized RNA oligo that binds to the RNA splicing sites to 
reduce normal transcripts or binds to translation start site to block protein synthesis.) 
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Another case is that the Kintner lab developed the drug inducible multicilin activation 
system, which enables inducing multiciliation of goblet cells by drug treatment. With all 
of these great features, much progress on understanding development of MCCs has been 



















Chapter 2: High-content protein localization screening in vivo identified 
subcellular localization of novel proteins in MCCs 
2.1 INTRODUCTION  
    Rfx2 is an Rfx (regulatory factor X) family transcription factor which is highly and 
specifically expressed in MCCs. Rfx2 is required for proper ciliogenesis and ciliary 
functions24, 87.  Direct target genes of Rfx2 have been identified by RNA-seq and Chip-
seq25. Out of these 911 direct targets, about 150 of them have been reported to be ciliary 
genes. By Humannet probability prediction and functional analysis, some Rfx2 targets 
have been identified as novel regulators of ciliogenesis or ciliary functions, such as IFT 
trafficking and cilia beating25. However, the functions of the majority of Rfx2 target 
genes are still unknown.  
 
    Systematically studying the functions of large lists of genes is still challenging. Most 
previous studies have used the loss of function screening method, however these 
approaches are not easily applicable nor practical for vertebrate animal studies. Other 
studies have used high content protein localization screening approaches to address this 
problem20, 88. MCCs are very compartmented and composed of structures of different 
functions. For example, the basal body is the foundation of the cilium and is important 
for axoneme growth and recruiting ciliogenesis proteins, and transition zone proteins are 
required for selective substrate filtration25. Thus, the localizations of the proteins in 
MCCs may provide important information to guide us in understanding the functions of 
these proteins in MCCs.  
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2.2 RESULTS  
2.2.1 Systematic preparations of screening vectors were achieved by combining 
Human ORFeome collection and Gateway cloning system 
To identify the localizations of uncharacterized or poorly characterized Rfx2 target 
genes, we combined the Human ORFeome collection and the Gateway cloning system to 
systematically generate the vectors required for localization screens. The open reading 
frames of interesting Rfx2 target genes were inserted by Gateway reactions into 
destination vectors containing N-terminal or C-terminal fluorescent protein tags as well 
as an MCC-specific promoter. We then injected each of these 260 plasmids directly into 
blastula stage Xenopus embryos and observed the localization of the fluorescently tagged 
proteins in MCCs by confocal microscopy.  All plasmids were co-expressed with 
membrane-BFP to visualize the membrane structures, thus ensuring that localization data 








Figure 2.1 Pipeline of high content protein localization screening 
Briefly, using GATEWAY cloning reactions, 260 human open reading frames (ORFs) corresponding to 
Rfx2 direct target genes were inserted into destination vectors containing N-terminal or C-terminal 
fluorescent tags along with a MCC specific α-tubulin promoter. All resulting plasmids were then 
sequenced from both ends. Circular plasmid (~50pg) was then injected into Xenopus laevis embryos at the 
4-cell stage as described. Plasmids were injected along with membrane-BFP to visualize axonemes, thus 
ensuring that the localization reported was for MCCs.   
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2.2.2 The protein localization screen identified many Rfx2 targets encoded proteins 
localized to specific subcellular structures 
 
     Of the 260 candidates tested, 235 of them were effectively expressed based on GFP 
or RFP fluorescence, and 199 of them were detected with discrete localization patterns in 
MCCs  
Consistent with the well-established role for Rfx2 in regulating ciliogenesis and 
ciliary functions, some of screened proteins localized to axonemes and/or the basal 
bodies. For example, Efhc2 is a gene related to Idiopathic generalized epilepsy, and it 
localized to axonemes, similar to that of Efhc1. Tctn3 is supposed to be a transition zone 
protein, and it localized to basal bodies. Moreover, some totally unstudied proteins also 
showed localization to basal bodies and axonemes suggesting they might have important 
ciliary roles. For example, Fam166b and Ccdc33 are essentially unstudied and were 
found strongly restricted to the ciliary axoneme.  Mtmr11 and Ankrd45 are similarly 










Figure 2.2 The screen identified 199 Rfx2 targets localize to specific MCC subcellular 
structures 
(A) Schematics of MCC subcellular structures, indicating the major distinct subcellular structures identified 
in our screen. (B) Summary of screening results. Out of 260 candidates, 199 showed detectable signal 
localized to distinct subcellular structures categorized on a histogram. (C) Representative localizations of 
screened Rfx2 targets. Left columns, expression patterns of selected genes; middle columns, expression 
patterns of reference genes. Afap1 localizes to actin cortex (marked by LifeAct-RFP), Efhc2 to axonemes 
(marked by CAAX-RFP), Ablim1 to basal bodies (marked by Centrin4-BFP), Dap3 to mitochondria 
(marked by mito-RFP), Tmem38b to ER (marked by Cal-BFP-knockdownEL), Arfgap3 to Golgi apparatus 
(marked by GalT-RFP), C10orf88 to cytosol, and Fam125b to basolateral membrane (marked by CAAX-
RFP). Number at the bottom-left corner indicates Z-plane position in reference to the apical domain (0 µm 
Z). Scale bar, 5µm. Yellow dotted line outlines the cell boundary of a MCC 
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    One of biggest localization groups is the apical cortex group, however, almost none 
of them have been studied for their functions in the MCCs yet. Many of these proteins are 
actin related, such as Afap1, Fmn1, Myo5c, Palld, Pls3, Dennd2b, and so on. The discreet 
apical actin networks on the cell surface of MCCS have been shown to play key roles in 
regulating ciliogenesis and ciliary functions. However, very little is known about the 
molecular mechanisms regulating formation and functions of these apical actin network 
structures. These proteins’ localization patterns suggest they may be involved with these 
actin network related processes.  
 
Curiously, the majority of screened Rfx2 targets did not localize to well defined 
ciliary structures, but rather to other cellular organelles or other subcellular structures, 
including nucleus, Golgi apparatus, endoplasmic reticulum, cytoskeletal networks, and 
foci like structures. Though these subcellular structures are not specific to multiciliated 
cells, these proteins may still perform MCC specific functions for the following reasons. 
First, all of these genes are Rfx2 direct target, and Rfx2 is highly and specifically 
expressed in MCCs, so these genes may be specifically turned on in MCCs. This was 
supported by the evidence demonstrated that some of these genes showed MCC specific 
expression patterns in in situ hybridization experiments. Second, some previous studies 
reported that some proteins localized to these noncliliary structures but were also required 
for ciliogenesis. For example, Xpnpep3 localized to mitochondria, and mutation in this 
gene led to a Nephronophthisis-like disease, because Xpnpep3’s peptide cleavage activity 
was required for processing the substrates required for ciliogenesis. Another protein, 
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Pih1d3, was shown to be required for axonemal dynein assembly, but localized to the 
Golgi apparatus. And last, considering that MCCs are very distinct from other types of 
cells in cell morphology and cell structures, it is reasonable that some ciliated cell 
specific molecular machineries may specifically exist in the cytoplasm of MCCs. During 
ciliogenesis, hundreds of cilia are built at the same time. This process requires large 
amounts of substrates synthesized and transported in a very short time, so the whole cell, 
including these ciliary and nonciliary structures needs to tightly coordinated to meet the 
needs. Thus, identification of ciliary proteins localizing to nonciliary structures may 
provide functional insights for studying how different cellular machineries cooperate to 
regulate ciliogenesis and ciliary functions.  
 






2.2.2 The subcellular localization data of disease related proteins may help 
understanding the etiology of these diseases  
For the genes screened in this study, more than 40 of them have been reported as 
diseases related genes. Some of them are known to cause ciliopathies, such as Armc4, 
Kurly, Ccdc65, Rsph3, Tctn3, and Wdr60. However, we know nothing about their 
molecular functions. Our localization data may help understand their functions in ciliary 
processed. For example, Ccdc65 mutations cause primary ciliary dyskinesia and loss of 
axonemal dyneins82, 89.  We found Ccdc65 localized to the basal bodies and foci in 
cytosol,  and is possibly involved in dynein arm transportation.   
Another group of genes of particular interest are Cdc14A90, Lrtomt91, and Tprn92. 
Mutations of these genes cause deafness in patients. Considering the similarity between 
MCCs and hair-cell stereocilia, their localization patterns might be conserved between 
these two cell types.  This also suggests that studies in MCCs may help us understand 
some other cell types too.   
Finally, we also found many genes that cause some diseases which are not obviously 
related to cilia. For example, Avpr2 localized to the ER, and its mutation led to 
nephrogenic diabetes insipidus93, resulted from kidney dysfunctions. Considering the 
well-established role of cilia in regulating kidney functions, it is reasonable to suspect 
that the mutation of Avpr2 leads to cilia defects in kidney, and then the malfunctions of 
kidney lead to nephrogenic diabetes insipidus, though proper functional studies are 




2.3 DISCUSSION  
In summary, this screen identified the subcellular localizations of nearly 200 proteins 
encoded by direct Rfx2 target genes in MCCs. These proteins localized to both ciliary 
and nonciliary structures. This localization data may serve as a clue for understanding the 
protein functions in MCCs.   
Note that only 13 proteins in our screen localized to the axonemes, which is quite 
surprising because proteomic studies have shown that many proteins were identified as 
axonemal proteins. On the contrary, many proteins localized to basal bodies and apical 
cortex. It is possible that Rfx2 controls only very few axonemal protein genes, but it is 
also possibly due to axonemal proteins being more sensitive to fluorescence proteins tags 
and fewer of them could localize to the axoneme correctly.  
In addition, the identification of proteins localized to nonciliary structures may help to 
understand how different cellular machineries cooperate to regulate ciliogenesis and 
ciliary functions.  
Further, we identified the subcellular localizations of more than 40 of Rfx2 targets that 
are human disease related. The localization data may provide valuable information to 








    Newly generated basal bodies migrate apically from deuterosomes to the cell surface1, 
2 of MCCs.  Much evidence has been accumulated to suggest that actin is playing key 
roles in regulation of this process.  Enriched actin and myosin were detected around the 
basal bodies during their apical migration2, and treatment with an actin depolarizing drug 
disrupted basal body migration3, 4. However, the exact mechanisms of how actin and actin 
related processes are regulating basal body apical migration are still largely unknown. 
  
3.2 RESULTS 
3.2.1 Basal bodies migrate apically along specific actin cables  
    First, we tried to determine how actin structures are involved in basal body apical 
migration by the staining of actin in sectioned samples from embryos at early stages 
when basal bodies started to migrate, and the late stages when all basal bodies docked 
into the ciliary membrane. 
At the early stage (Stage 18), the Phalloidin stained actin cables extending from the 
cell center to the surface of the MCCs. Along with the generation of more basal bodies, 
more actin cables were detected in the samples from the later stage (Stage 19) embryos 
too. It was quite striking that these actin cables were only detected in the MCCs but not in 
the other cells types in the same epithelium such as goblet cells. These cables disappeared 
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when all of the basal bodies docked to the surface of the MCCs. These results suggest 
that the actin cables detected in the MCCs were specialized structures generated 
specifically for basal body apical migration.  
 
 
Figure 3.1 Basal bodies migrate along actin cables  
 (A) Sagittal sections of early stage intercalating MCCs showed basal bodies (Chibby-GFP, green) 
migrating along actin cables (Phalloidin, magenta) to the apical surface of MCC. G, goblet cell. Scale bar, 
5µm. (B) Myo5c-GFP (green) localized in a proximity to basal bodies (Centrin4-RFP, magenta) and 
aligned with actin cables (LifeAct-BFP, cyan). Images were taken at stage 19, 3 µm below the apical 
surface of MCC (outlined by a yellow dotted line). Orange square, zoomed region. Scale bar, 1 µm.  
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3.2.2 Myo5c is required for basal body migration   
    With the discovery that basal bodies migrated apically along these specific actin 
cables, we wondered what might be the motor for this process.  In our protein 
localization screen, we found that Myo5c, a nonconventional Myosin5, localized to basal 
bodies during their apical migration. Myo5c showed an elongated droplet shape (possibly 
the shape of striated rootlet) connecting to basal bodies at one end and migrating along 
the actin cables at the other end.   
    Since Myo5c was known to control actin-based movements of intracellular cargoes 
and organelles, such as melanosomes and secretory vesicles6, 7, we tested whether Myo5C 
might function as the motor for basal body apical migration.    
    Myo5c is composed of the N-terminal myosin motor domain and the C-terminal cargo 
binding domain5. The dominant negative form of Myo5c, in which the N-terminal myosin 
domain is truncated but cargo-binding domain remains intact, is widely used to study its 
cellular functions6, 7. We also used the α -tubulin promoter to drive the expression of 
dominant negative Myo5c to specifically study its function in MCCs.  
The dominant negative Myo5c still bound to the basal bodies as expected, and the 
overexpression of it led to severe basal body docking defects. As the results showed, 
compared with control cells in which over 95 percent of basal bodies docked well on the 
surface, Myo5 DN overexpressed cells had severe basal body docking defects with over 





Figure 3.2 Myo5c is required for basal body migration  
(A) Overexpression of a dominant negative version of Myo5c (Myo5c-DN-GFP driven by α-tubulin 
promoter) disrupted basal body migration. In controls（GFP driven by α-tubulin promoter）, most of basal 
bodies (white) docked within the apical actin network (marked by Phalloidin, magenta, and outlined by a 
yellow dotted line). Upon overexpression of Myo5c-DN, basal bodies failed to migrate apically and 
accumulated below the apical surface, see orthogonal views. Scale bar, 10 µm. (B) The dominant negative 
form of Myo5c was generated by truncating the myosin motor domain of Myo5c (84-744 AA) to disrupt its 
migration ability but left the cargo-binding domain (1346-1713 AA) intact. (C) Quantification of basal 
body positions in controls and upon overexpression of a Myo5c-DN in MCCs. More than 75% of the basal 
bodies in Myo5c-DN overexpressing cells failed to migrate to the apical surface of MCCs (outlined by a 
dotted yellow line). The average depth of basal bodies increased from 0.08±0.06 µm in controls to 1.37 
±0.35 µm below the apical domain (reference position, 0 µm) in Myo5-DN, (P<0.001; control, n=13 cells; 




    Though much evidence suggested that actin was playing a key role in regulating 
basal body apical migration, its exact function was still unknown until our results showed 
that actin formed cable structures for basal body transportation. These actin cables were 
detected only in MCCs and only during basal body migration, suggesting that these 
cables were specific structures formed for basal body migration. This was further 
supported by our unpublished data showing that the actin destabilizing protein Gelsolin 
localized to these cables when they were destroyed. All the evidence implies that these 
actin cables were tightly regulated specifically for basal body migration. Therefore, it 
would be of great interest to study how different actin regulators may participate in 
regulating the dynamics of these actin cables.  
    Our results showed that Myo5c functioned as the motor for basal body migration 
along the actin cables. It is still unknown how Myo5c was recruited to basal bodies 
during its apical migration. The cargo-binding domain is sufficient for its basal body 
localization, however, how the specificity of cargo binding is determined is still not clear. 
Some evidence indicates that Myo5c may form a big protein complex with other actin 
related proteins such as Myo5a and Coronin and others. Myo5a has been reported 
localizing at basal bodies in primary cilia, and it is possible that these two myosins work 
together or redundantly.  Further, how the polarity of basal body migration is determined 
is still unknown, it might be determined indirectly by the polarity of actin cables, or 
directly controlled by the cell polarity machinery such as Par3, which has been showed to 
control the apical basal polarity of MCC. 
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    In all, our discovery of actin cables and Myo5c as key players in basal body apical 
migration is just a start to understand the detailed mechanism about this process. Future 
directions may focus on the mechanism about regulation of actin dynamics and the 























     Previously our lab showed that the PCP protein Dishevelled is required for basal body 
migration, possibly through regulating RhoA signaling activation at basal bodies 4, 8. 
RhoA signaling is widely involved in different cellular process, for example RhoA 
signaling activates many action regulators. Considering our data showing that basal 
bodies migrated along actin cables and some studies showed that basal bodies might 
induce nucleation of actin cables, it is highly possible that RhoA signaling is specifically 
activated at basal bodies for regulation of actin dynamics.  However, so far no specific 
RhoGEF has been identified to be involved in the process.  
  
4.2RESULTS 
4.2.1 Arhgef18 localized to basal bodies 
    By the protein localization screen, we found that ArhGEF18 localized to the basal 
bodies starting from the early stage of basal body migration to the later stage of basal 




 Figure 4.1 Arhgef18 localizes to basal body and cell junctions 
Arhgef18 (green) localized to basal bodies (marked by Chibby, magenta) at early stage Stage19. Image was 
taken 3.0 µm below the apical surface of a MCC (outlined by a yellow dotted line). Orange square, zoomed 




    This localization pattern is of particular interest, because ArhGEF18 has been shown 
in cell culture experiments localizing to cell junctions and activing RhoA signaling 
locally at the junctions9. We hypothesized that, similar to its function in cell culture, 
ArhGEF18 might function at the basal body to regulate RhoA signaling activation.  
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4.2.2 Arhgef18 was required for RhoA signaling activation around basal body 
We began to test whether knock down of Arhgef18 would have any effect on RhoA 
signaling activation.  By using the active RhoA sensor rGDB-GFP8, whose intensity 
could be measured and taken as quantitative levels of RhoA signaling activation, we 
confirmed that knocking down Arhgef18 in MCCs significantly reduced the intensities of 
rGDB-GFP around the basal bodies compared to those in control cells, indicating RhoA 
signaling activation was reduced upon Arhgef18 knock down.  
 
 Figure 4.2 Arhgef18 is required for RhoA signaling activation around basal body 
The intensity of GFPrGDB was significantly reduced from 1.13 ± 0.22 in control to 1.03±0.24   in 
arhgef18_Mo cells. (P<0.001; control, n=120 intensities from 6 cells; Arhgef18_MO, n=200 intensities 
from 10 cells) 
4.2.3 Arhgef18 is required for basal body docking 
Next, we started to test whether Arhgef18 was required for basal body apical 
migration. As the results showed, knock down of Arhgef18 severely disrupted basal body 
docking. Compared with controls in which 95% of the basal bodies docked well at the 
apical surface, in Arhgef18 knock down groups, over than 70% of basal bodies failed to 
reach the surface. To further confirm our knockdown data, we used a dominant negative 
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form of Arhgef18, in which the conserved Y255 was mutated to A to abolish its guanine 
exchange activity9. By specific overexpression of Arhgef18-Y255A in MCCs with an α -




 Figure 4.3 Arhgef18 is required for basal body docking 
(A) Depletion of Arhgef18 impaired basal body migration. Similarly to expression of a Myo5c-DN, 
inhibition of Arhgef18 led to basal bodies (marked by Centrin, white) accumulation below the apical 
surface of a MCC (visualized by actin marker, Phalloidin, magenta, and outlined by a yellow dotted line), 
see orthogonal sections. Scale bar, 10 µm. (B) Quantification of basal bodies position in controls and upon 
knocknockdownown of Arhgef18 in MCCs. About 95% of the basal bodies in controls docked to the 
surface of a MCC. In contrast, in Arhgef18 knockdown cells, over 80% of the basal bodies remained below 
the apical surface (visualized by actin marker, Phalloidin, and outlined by a yellow dotted line). The 
average depth of basal bodies increased from 0.11±0.05 µm in controls to 1.42 ±0.38 µm below the apical 
domain (reference position, 0 µm) in Arhgef18 knockdown. (P<0.001; control, n=17 cells; Arhgef18 
knockdown, n=15 cells, from more than 5 embryos. Data represent mean and SD). (C) The dominant 
negative form of Arhgef118 was generated by mutating conserved Y255 to A. (D) Overexpression of 




    Though RhoA signaling has been shown to be required for basal body dynamic 
behaviors for over a decade, no more detailed mechanisms have been revealed until our 
discovery that Arhgef18 localized to basal body and regulated basal body migration 
through RhoA signaling activation. However, more questions remain to be answered. 
First, though knocknockdownown of Arhgef18 was sufficient to disrupt basal body 
docking, we were only able to detect about 15 percent of rGDB-GFP intensity reduction 
in Arhgef18 knockdown MCCs, so some other RhoA signaling regulators may be 
functioning at the basal bodies too. Second, how Arhgef18 is recruited to the basal body 
is still unknown, which might be partially answered by Arhgef18 truncation experiments. 
Lastly, we still do not know what the relationship is between Arhgef18 and other basal 
body docking regulators. For example, how does the RhoA signaling control actin cables 
and Myo5C functions? These different machineries might function in a network to 






 Chapter 5: Dennd2b is an actin regulator required for basal body 
orientation polarity and ciliogenesis 
5.1 INTRODUCTION 
    Actin forms tightly regulated network structures at the apical surface of MCC cell 
cortex44, 94. Apical actin networks are composed of two layers of different actin structures, 
the apical layer forms the lattice structures around the basal bodies, possibly responsible 
for anchoring the basal body51, and the subapical actin shows the foci patterns, where the 
end of striated rootlets are connected to the basal feet of nearby basal bodies94. The 
subapical actin foci are required for basal body spacing and orientation polarity44. The 
formation of the apical cortex actin network requires RhoA activation and some other 
actin regulators too50, 95. However, the molecular mechanism of actin network formation 
is still largely unknown, especially since very few proteins have been reported to show 
actin network localization pattern. 
5.2 RESULTS 
5.2.1 Dennd2b localized to apical cortex actin network and regulated subapical actin 
foci formation and basal body planar polarities  
     
    In the protein localization screen, we found that Dennd2b localized to the MCC cell 
cortex actin networks, to both the apical and subapical layers. On the apical layer, 
Dennd2b formed lattice structures around basal bodies similar to that of actin, but with 
slightly smaller diameters. On the subapical level, Dennd2b colocalized with actin as a 





Dennd2b was first identified as a tumor suppressor, and later characterized as an 
actin regulator localized to leading edge of migrating cells96. Patients with Dennd2b 
mutations showed ciliopathy like syndromes97, 98. All of this evidence suggests that 




Figure 5.1 Dennd2b localized to cell cortex actin network 
GFP-Dennd2b (green) localized to apical and subapical actin network (marked by phalloidin, magenta). 
Scale bar, 10 µm (in zoomed region, scale bar, 1 µm). Images were taken at stage 32. 
 
 
First, we started to test whether Dennd2b was required for formation of actin 
network structures. The Dennd2b morpholino efficiently reduced the transcript level of 
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Dennd2b. As the results showed, upon knocking down Dennd2b, the apical actin network 
was slightly affected with less closed lattice structures formed around the basal bodies 
compared with control cells. The subapical actin foci were greatly reduced from about 60 




Figure 5.2 Dennd2b is required for formation of subapical actin foci 
Dennd2b knockdown reduced the number of subapical actin foci (actin marked by Phalloidin, magenta). 
Scale bar, 10 µm. The number of subapical actin foci was decreased from 61.3±22.7 in controls to 8.7±9.7 
in Dennd2b knockdown (P<0.001; Control, n=21 cells; Dennd2b knockdown, n= 33 cells, N>5 embryos). 
Data represent mean and SD. 
 
The subapical actin network is required for basal body docking and spacing44, 50, thus 
it was interesting to determine whether basal body distribution would be affected by 
Dennd2b knock down.  We detected no obvious defects in basal body distribution 
patterns in Dennd2b knockdown cells, though in some of the cells the basal body tended 
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Figure 5.3 Basal body distribution was not disrupted in Dennd2b knocking down MCCs 
Dennd2b knockdown did not disrupt basal body docking, actin marked by phalloidin, magenta, side view, 
lower panel 
 
     
 
The subapical actin network is also required for basal body planar polarity44, 45. Since 
the subapical foci were severely disrupted in Dennd2b knock down cells, we were 
curious to determine whether basal body planar polarities were affected in these Dennd2b 
knock down cells. By using the strait rootlet marker Clamp, the orientation angles of 
basal bodies were measured and statistically analyzed. As the results showed, 
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knocknockdownown of Dennd2b disrupted the planar polarity of basal bodies in MCCs, 




Figure 5.4 Dennd2b is required for basal body orientation polarity 
Dennd2b knockdown disrupts basal body orientation. Orientation of basal bodies was determined by 
measuring angle (yellow dotted line) between a basal body (marked by Centrin4-RFP, white) and 
corresponding rootlet (marked by Clamp-GFP, green) in respect to the horizontal line. Scale bar, 10 µm 
(top panel), 1 µm (bottom panel). Quantification of basal bodies orientation. Each arrow represents one 
cell, where length indicates uniformity of measured angle in that cell (resultant vector). The mean resultant 
vector value was decreased from 0.71 ± 0.18 in controls to 0.39 ± 0.2 in Dennd2b knockdown. (P<0.001; 




    Last, we tried to determine whether Dennd2b was required for other actin 
regulators’ localization to basal bodies. Fak is one of the major actin regulators and is 
required for basal body docking51, so we tested whether Fak’s localization would be 
changed by Dennd2b knock down or not. As the results showed, Fak’s localization was 
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not changed upon Dennd2b knockdown51, as it still localized to basal bodies and striated 
rootlets.  
 
Figure 5.5 Dennd2b is dispensable for Fak localization 
Fak (Fak-GFP, green). Scale bar, 10 µm. 
 
 
5.2.2 Knock down of Dennd2b disrupted ciliogenesis but did not affect IFT20 and 
Cep164 recruitment  
    To our surprise, though the basal bodies seemed to be docked in Dennd2b 
knocknockdownown MCCs, these cells showed severe ciliogenesis defects. The axoneme 
numbers per MCC were significantly reduced from 67.1 ± 15.4 in control cells to 14.0 ± 
8.2 in Dennd2b knocknockdownown cells, and the numbers were slightly rescued to 18.6 
± 8.5 by expression of GFP-Dennd2b with a-tubulin promoter. The ciliogenesis defect 






Figure 5.6 Knock down and knock out of Dennd2b induce severe ciliogenesis defects 
(A) Perturbation of Dennd2b disrupted ciliogenesis. Left panel, axonemes visualized by CAAX-RFP, 
magenta. Right panel, SEM of a control MCC and upon Dennd2b knockdown. Scale bar, 10 µm. (B) The 
axoneme number per MCC was significantly reduced from 67.1 ± 15.4 in controls to 14.0 ± 8.2 in Dennd2b 
knockdown, (P<0.001; Control, n=14 cells; Dennd2b knockdown, n= 32 cells, N>5 embryos). Number of 
axonemes was increased by rescue expression of GFP-Dennd2b with a-tubulin promoter to 18.6 ± 8.5. 
(P<0.05; Dennd2b knockdown with GFP-Dennd2b, n=25 cells, N>5 embryos). Data represent mean and 
SD. (C) Dennd2b MO#2 and Dennd2b CRISPR led to similar axonemogenesis defects as Dennd2b MO#1. 
 
IFT machinery transports substrates for ciliogenesis99, so we wondered whether IFT 
recruitment was still functional in Dennd2b knock down cells. Here, we used IFT20 GFP 
as a marker to check whether IFT recruitment was changed upon Dennd2b knock down. 
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As the results showed, the intensities of Ift20 around basal bodies were not changed 
between control and Dennd2b knocknockdownown MCCs, indicating that IFT were still 
recruited to the basal bodies. 
 
 
Figure 5.7 IFT recruitment was not disturbed upon Dennd2b knock down 
Dennd2b knockdown did not disrupt the recruitment of Ift20 (Ift20-GFP, green). Scale bar, 10 µm. 
 
 
    The transition zone of cilia is required for substrate transportation filtration and 
recruiting proteins involved in ciliogenesis100, 101, so we tested whether the transition zone 
was functional with the transition zone marker Cep164GFP.  The results showed that 




Figure 5.8 Dennd2b knockdown did not disrupt the transition zone structure 
The transition zone marker Cep164 labels ring shape transition zone structure in both wild type and 
Dennd2b morphants. Scale bar, 10 µm. 
 
5.2.3 Dennd2b regulated Ccp110 removal through unknown mechanism  
With the results showing that the recruitments of IFTs and transition zone proteins 
were not disrupted upon Dennd2b knock down, we began to test whether Ccp110 was 
affected in the morphant cells.  Ccp110 is widely used as a molecular marker, which 
needs to be removed from basal bodies before ciliogenesis69, 75. By quantification of 
Ccp110 levels around basal bodies in both control cells and Dennd2b knock down cells, 
we found that higher levels of Ccp110 intensity were detected around basal bodies in 
Dennd2b knockdown cells compared with controls75, indicating defects of Ccp110 





Figure 5.9 Higher Ccp110 intensities were detected in Dennd2b morphants 
Dennd2b knockdown increased the level of GFP-Ccp110 (green) at basal bodies (marked by Centrin4-RFP, 
white). Scale bar, 10 µm. The normalized Ccp110 intensities around basal bodies increased from 0.046 ± 
0.045 to 0.093 ± 0.098. (P<0.001; Control, n=1430 intensities from 8 cells; Dennd2b knockdown, n= 1413 
from 10 cells, N>5 embryos). Data represent mean and SD. 
 
Though the detailed mechanisms about Ccp110 removal are still unknown, some 
reports showed that Ttbk2, a tubulin kinase, was required for Ccp110 removal102. We 
decided to check whether Ccp110 removal defects detected in Dennd2b knock down 
MCCs were caused by failure of Ttbk2 recruitment. However, as the results showed, 
Ttbk2 was recruited to basal bodies and formed ring shape structures in both wildtype 
and Dennd2b knockdown MCCs, thus the defects of Ccp110 removal was not caused by 





Figure 5.10 Dennd2b is dispensable for Ttbk2 recruitment 
Ttbk2 (GFP-Ttbk2, Green) formed a ring shape structure in both wildtype and Dennd2b knockdown MCCs 
 
 
    To further understand how Dennd2b regulated actin dynamic and ciliogenesis, we 
focused on studying its binding proteins.  Drew et al. reported a global map of human 
protein complexes, one of which showed that Dennd2b might form a protein complex 
with Myo5a, Afap1, Ablim1 and Cep162103.  This prediction was of particular interest 
because of the following reasons. First, most of these proteins were actin related65, 104, 105, 
which correlated with Dennd2b’s function in actin regulation. Secondly, Myo5a and 
Cep162 were both required for normal ciliogenesis65, 105, 106, which correlated with 
Dennd2b’s function in ciliogenesis regulation. All of the evidence suggested that 
Dennd2b might function through this uncharacterized protein complex including 
Dennd2b, Myo5a, Afap1, Ablim1 and Cep162, and the phenotypes of Dennd2b knock 
down MCCs were caused by malfunctions of this Dennd2b containing complex.   
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    So we started with the experiments to test whether Dennd2b was required for the 
Cep162’s localization to the basal bodies in MCCs. The results showed that Cep162 
localized to the basal bodies in controls, however, the intensities of Cep162 in Dennd2b 
knock down cells were significantly reduced, indicating Cep162 failed to localize to the 
basal bodies without Dennd2b. 
 
Figure 5.11 The recruitment of Cep162 was abolished upon Dennd2b knock down 
Dennd2b knockdown reduced Cep162 intensities around basal bodies. The normalized Cep162 intensities 
around basal bodies were decreased from 0.28 ± 0.21 to 0.07 ± 0.10. (P<0.001; Control, n=1734 intensities 
from 10 cells; Dennd2b knockdown, n= 1710 from 13 cells, N>5 embryos). Data represent mean and SD. 
 
5.3 DISCUSSION 
Though many studies have reported the important functions of MCC apical cortex 
actin networks, so far very few proteins have been identified to localize to and regulate 
formation of these actin networks. We found the actin regulator Dennd2b localized to 
both apical and subapical actin networks, regulated the actin structure integrities, and 
controlled the ciliary functions such as basal body polarities and ciliogenesis. Dennd2b 
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may serve as the entry point to understand the detailed molecular mechanisms of the 
formation and functions of these apical actin structures.  
 More questions remain to be answered by further studies. First, knocking down of 
Dennd2b only slightly disrupted the apical actin lattice, indicating other actin regulators 
might be also involved in this process. Furthermore, very different actin dynamic 
behaviors have been detected during the formation of these actin network structures, and 
we still do not know how different actin regulators are involved in this process.  Though 
much evidence has supported the idea that actin dynamics are also tightly related to 
ciliogenesis, however, the molecular mechanisms connecting these two processes are still 
unknown. This question might be partially explained by profiling the binding proteins of 
Dennd2b, which might be the proteins connecting actin dynamics and ciliogenesis 
regulation. Further experiments are required to confirm whether Dennd2b forms a protein 









    Multiciliated cells (MCCs) are essential for the normal functioning of many 
vertebrate tissues and organs, such as the airway, brain, and reproductive tracts, by 
generating directional fluid flow1, 2. The development of MCCs is a multiple step process 
that requires cooperation of many different types of cellular machineries8. Many studies 
have focused on the cellular behaviors during the development of MCCs, from cell 
intercalation to apical emergence, and from ciliogenesis to cilia beating7, 8, 20, 21. However, 
we only know very little about the molecular mechanisms for these cellular behaviors.       
 
    Much effort has been made to understand this developmental process systematically 
on the transcriptome and proteome level20, 79, 80, 83, 86. These approaches have identified 
many candidate genes or proteins that might be involved with ciliary processes, however 
it is still challenging to systematically study the molecular functions of these possible 
candidates, especially in the live vertebrate animals. By high content protein localization 
screen, we identified 199 Rfx2 targets with distinct subcellular localizations to both 
ciliary structures and non-ciliary structures. Based on this localization data, we selected 
some of them for further functional studies, because their specific localization patterns 
indicate that they might participate in ciliary processes. This study serves as a great 
example to demonstrate the power of high content protein localization screening, which 
functions as the bridging step between large scale omics data and functional studies on 
specific proteins.  
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Basal body apical migration is one of the key cellular behaviors during the 
development of MCCs. Previous studies have shown that many different proteins, 
especially actin regulators, were required for this process. Failures of basal body apical 
migration led to severe ciliogenesis defects40, 51, 54, 57. We characterized that specific actin 
cables were formed, Myo5c functioned as the motor, and Arhgef18 regulated the RhoA 
signaling activation, for basal body apical migration. These findings further confirmed 
that actin related machinery was the fundamental molecular mechanism for basal body 
apical migration. These results also raised more questions to be answered. First, how the 
actin cables are regulated for basal body migration remains reclusive. It is highly possible 
different actin regulators are involved. Second, how these proteins are recruited to the 
basal bodies is still unknown. Myo5c has the cargo binding domain which is able to bring 
Myo5c to the basal bodies, but it is less clear about how Arhgef18 is recruited. Likewise, 
as so many different proteins have been reported to be required for basal body trafficking, 
it is important to study how different proteins cooperate in this process.  
 
     The apical actin networks of MCCs have distinct features of structure and function. 
Many studies have shown that these structures are required for basal body docking, 
spacing and polarity44, 45, 107. By our study, Dennd2b is the first actin regulator to be 
reported with distinct localization patterns similar to the apical actin network structures in 
MCCs, and Dennd2b is required for the formation of these structures. The unexpected 
results showing that Dennd2b was also required for ciliogenesis further supported the 
long suspected link between actin and ciliogenesis.  Further studies are required to 
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understand the molecular details on how Dennd2b regulates actin dynamics and the 
molecular networks linking actin and ciliogenesis. 
    
Moreover, besides enhancing our understandings about development of MCCs, our 
study has also revealed many possible links between Rfx2 targets and human diseases. 
We identified the subcellular localization of over 40 disease related genes, which may 
provide important clues to understand the etiology of these diseases.  For example, two 
previous studies have reported patients with Dennd2b mutations that showed typical 
ciliopathy related syndromes, such as chronic otitis media and recurrent respiratory 
infections97, 98. Our screening data and functional studies on Dennd2b strongly suggest 
that these patients’ syndromes might be due to the MCC defects caused by malfunctions 
of Dennd2b.  
 
In all, our study demonstrated the power of using a high content protein localization 
screening approach to facilitate systematical studying on the molecular functions of a 
large set of protein candidates. These findings not only improved our understanding of 
different ciliary processes but also revealed many possible and informative links between 




Appendix A EXPERIMENTAL PROCEDURES: 
 
A.1 GENERAL SCHEME FOR HIGH CONTENT PROTEIN LOCALIZATION SCREENING IN 
XENOPUS:  
Briefly, using GATEWAY cloning reactions, 260 human open reading frames (ORFs, see 
below) corresponding to Rfx2 direct target genes 108 were inserted into destination vectors 
containing N-terminal or C-terminal fluorescent tags along with a MCC specific a-tubulin 
promoter 109, as indicated in Fig. 1A.  All resulting plasmids were then sequenced from 
both ends.  Circular plasmid (~50pg) was then injected into Xenopus laevis embryos at 
the 4-cell stage as described 110.  Plasmids were injected along with membrane-BFP to 
visualize axonemes, thus ensuring that the localization reported was for MCCs.  To 
speed initial screening, we frequently injected two plasmids encoding different proteins 
with RFP and GFP tags.  Injected embryos were grown and imaged between stages 20 
and 31 111.  Plasmid injection in Xenopus is known to result in a wide range of 
expression levels, based on unequal replication of the plasmids during cell division 110.  
Because overexpression can lead to ectopic protein localization, all proteins were 
examined at a wide range of fluorescent intensities.  Proteins for which localization was 
not consistent across a range of intensities, including very low intensities, were discarded.   
 
A.2 XENOPUS HANDLING:  
Experiments were performed following the animal ethics guidelines of the University of 
Texas at Austin, protocol number AUP-2015-00160. Xenopus laevis adult females were 
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induced to ovulate through injection of human chorionic gonadotropin. The following 
day, eggs were squeezed, fertilized in vitro and dejellied in 3% cysteine (pH 7.9). 
Fertilized embryos were washed and subsequently reared into 1/3X Marc's Modified 
Ringer's (MMR) solution. For microinjections, embryos were placed in a solution of 2% 
Ficoll in 1/3X MMR and injected using glass capillary-pulled needle, forceps, and an 
Oxford universal micromanipulator. 
 
A.3 HUMAN ORFEOME CLONES:  
Gateway entry vectors containing human gene Open Reading Frames (ORFs) were 
selected from ORFeome library, version 7.1 
(http://horfdb.dfci.harvard.edu/hv7/index.php?page=orfsearch) 112, 113, distributed by 
Open Biosystems (GE Dharmacon).  
 
A.4 GATEWAY REACTIONS: 
 Destination vectors were modified from a destination vector Pcsdest (a gift from 
Lawson Laboratory) by inserting a MCC-specific α-tubulin promoter (previously 
described in 108 along with EGFP or mRFP sequences. Fluorescently tagged expression 
plasmids were made by LR reaction of human ORFeome entry clones and destination 
vectors containing α-tubulin promoter using Gateway LR Clonase II Enzyme mix 
(Thermo Fisher Scientific). MCC specific destination vectors were sequenced from both 
ends for validation.  
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A.5 XENOPUS LAEVIS PLASMIDS:  
Myo5C, myo5cDN, Dennd2b, cp110 and ttbk2 were amplified from standard Xenopus 
laevis cDNA prepared by reverse transcription (SuperScriptIII First strand synthesis, 
Invitrogen) via PCR amplification using the primers listed in Table S4 The PCR products 
were subcloned into gateway ENTRY clone (pENTR/D-TOPO Cloning Kit, Life 
Technologies).  GFP-FAK is a kind gift from Peter Walentek. 
 
A.6 MORPHOLINO OLIGONUCLEOTIDE AND MRNA INJECTIONS:  
Capped RNA was synthesized using mMessage mMachine kits (Life Technologies 
AM1340). morpholino oligonucleotides (MO) were ordered from GeneTools, LLC. 
mRNAs and morpholino oligonucleotides at proper concentration were injected into the 
ventral blastomeres of Xenopus embryos at 4 cell stages. morpholino sequences and used 
concentrations are listed below:  
Arhgef18 MO: TCAAAGATTGTCACACTCACCTTCA [14ng] 
Dennd2b MO: AGGCATTGATTTACCTGCTTTGGCT [30ng] 
Dennd2b MO#2: GGACTGAGACCTGGAAATAAAACAA [10ng] 
 
A.7 XENOPUS ANIMAL CAP QPCR:  
Animal cap qPCR assay were used to determine the knock down efficiency of 
morpholino oligonucleotides, as previously described 108. Embryos were injected at the 
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animal side of all 4 cells at four-cell stage with control or morpholino oligonucleotides 
solutions. Animal caps were collected at stage 9 and used for RNA extraction at different 
stages. cDNAs were prepared using the Superscript kit (Invitrogen) and qPCR was 
performed using specific primers listed in Table S4. 
 
A.8 SGRNA SYNTHESIS, CRISPR/CAS9-INDUCED GENOMIC EDITING AND GENOTYPING: 
CRISPR/Cas9-mediated genome editing in Xenopus was performed as previously 
described. Briefly, sgRNA was prepared by using the T7 MEGAscript kit (Ambion) and 
purified by illustra NICK Columns(GE). 500pg Cas9 mRNA and 500pg of sgRNA were 
injected into the animal pole at the one-cell stage. Genomic DNA was extracted from 
stage 25 embryos using Wizard® Genomic DNA Purification Kit(Promega). The 
efficiency of CRISPR/Cas9-mediated genome editing was examined by T7 endonuclease 
I (T7EI) assay, and DNA fragments were analyzed by 1% agarose gel. 
A.9 XENOPUS EMBRYO IMAGING:  
Embryos of stages 20-33 were mounted as previously described in 114 and imaged at 23oC 
with Zeiss LSM700 confocal microscope using C-Apochromat 40x 1.2 NA water 
immersion objective or Plan-Apochromat 63x 1.4 NA Oil DIC M27 immersion lens. 
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A.10 PHALLOIDIN STAINING:  
Xenopus embryos were fixed with MEMFA solution at room temperature 2 hours, then 
washed with PBST, stained with phalloidin solution (15uL phalloidin per 500uL of 
PBST), incubated for 4 hours at Room Temp and washed with PBST for imaging.  
 
A.11 IN SITU HYBRIDIZATION:  
In situ hybridization experiments were performed as described previously115. Images were 
captured with different magnifications on a fluorescent stereomicroscope, Leica 
MZ16FA. 
 
A.12 BASAL BODY DEPTH QUANTIFICATION: 
 Basal body numbers were counted manually at each frame of different depth (0,1,2,3,4 
µm) below the apical surface of MCCs using Fiji (http://fiji.sc/). 
 
A.13 QUANTIFICATION OF FLUORESCENCE INTENSITIES OF PROTEINS COLOCALIZING 
WITH BASAL BODIES:   
Images were processed and analyzed with Fiji software (http://fiji.sc/). In short, basal 
bodies were automatically selected by “Find Maxima” function and set the size to “Extra-
large” in “Point Tool” function.  Intensities of fluorescently tagged proteins of interest 
and fluorescently tagged basal body markers were measured with the “Measure” function 
separately. The normalized fluorescence intensity of a candidate protein is a ratio of a 
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fluorescent intensity of a candidate protein and a fluorescence intensity of a basal body 
marker. 
A.14 QUANTIFICATION OF BASAL BODY ORIENTATION:   
To quantify rootlet orientation, vectors from the tip of the rootlet to the basal body were 
drawn manually in Fiji (http://fiji.sc/) using maximum intensity projections. The vector 
length, mean angle, and statistical significance of differences were determined using the 
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ANXA9 
  





C Full Everywhere +++ chromosome 11 
open reading frame 




C Full Everywhere +++ chromosome 11 
open reading frame 




C Full Everywhere +++ chromosome 12 
open reading frame 
45  		 		
C19ORF4
0 
FAAP24 C Full,K3N Everywhere +++ chromosome 19 
open reading frame 





C Full Everywhere +++ chromosome 21 
open reading frame 
33  		 		
C2ORF62 CATIP C Full, 
isoform 2 
Everywhere +++ chromosome 2 open 





C2ORF67 KANSL1 C Full Everywhere +++ chromosome 2 open 






Everywhere +++ chromosome 2 open 
reading frame 73  
		 		
C7ORF63 CFAP69 C Full Everywhere + chromosome 7 open 
reading frame 63  		 		
C9ORF11
6   
C Full, 
isoform 2 
Everywhere +++ chromosome 9 open 
reading frame 116  		 		
CCDC58 
  
C Full Everywhere +++ coiled-coil domain 
containing 58 		 		
CHCHD4 
  
C Full Everywhere +++ mitochondrial 
intermembrane 




domain containing 4 		 		
EFHD1 
  
N Full Everywhere ++ EF-hand domain 
family, member D1 		 		
FAIM 
  
C Full Everywhere +++ Fas apoptotic 
inhibitory molecule 		 		
FAM102A 
  
C Full Everywhere +++ family with sequence 
similarity 102, 
member A  		 		
FAM173A 
  
C Full Everywhere +++ family with sequence 
similarity 173 		 		
GLO1 
  




C Full Everywhere + histone deacetylase 









C Full Everywhere +++ mediator complex 
subunit 10 		 		
MID1IP1 
  




(zebrafish))  		 		
NCAPG 
  
C Full,R6M Everywhere + non-SMC condensin 
I complex, subunit G  		 		
PARD6B 
  
C Full Everywhere ++ par-6 partitioning 
defective 6 homolog 
beta (C. elegans)  		 		
PELO 
  
C Full Everywhere +++ pelota homolog 
(Drosophila)  		 		
RAB28 
  










C Full Everywhere +++ RAP2C, member of 
RAS oncogene 




C Full Everywhere +++ spermatogenesis 










C Full Everywhere +++ tumor necrosis factor 
alpha-induced 
protein 8-like protein 
2 		 		
TTC18 CFAP70 C Full Everywhere + tetratricopeptide 
repeat domain 18  		 		
TXNDC5 
  
C Δ1−88 Everywhere +++ thioredoxin domain 
containing 5 
(endoplasmic 
reticulum)  		 		
USP42 
  





C Full Everywhere +++ WD repeat domain 
49  		 		
No 
Signal 




C Full NS 
  
ArfGAP with coiled-
coil, ankyrin repeat 
and PH domains 3  		 		
ARRDC3 
  
C Full NS 
  
arrestin domain 
containing 3  		 		
BGN 
  







C Full NS 
  
chromosome 12 
open reading frame 
52  		 		
C8ORF34 
  
N Full NS 
  
chromosome 8 open 
reading frame 34 		 		
CAPN13 
  






C Full NS 
  
cancer susceptibility 
candidate 1 		 		
CCDC60 
  











regulator 1 		 		
CYCS 
  
C Full NS 
  
cytochrome c, 
somatic  		 		
DDIT4 
  
C Full NS 
  
DNA-damage-
inducible transcript 4  		 		
DNAJB9 
  




B, member 9  		 		
DNAJC27 
  




C, member 27  		 		
HADHA 
  









(trifunctional protein), 		 		
 71 
alpha subunit  
HSPH1 
  





1  		 		
ITGA5 
  
C Full NS 
  
integrin, alpha 5 
(fibronectin receptor, 
alpha polypeptide)  		 		
JUN 
  












N Full NS 
  
LIM and cysteine-rich 
domains 1 		 		
PLK3 
  
C Full NS 
  
polo-like kinase 3 
(Drosophila)  		 		
S1PR2 
  




2  		 		
SLC25A2
9   
C Full NS 
  
solute carrier family 
25 member 29 		 		
SPG7 
  
C Δ428−795 NS 
  




C Full,V890E NS 
  
WD repeat domain 
63  		 		
WDR93 
  
C Full NS 
  
WD repeat domain 
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ARMC4 Axoneme ++ Ciliary dyskinesia, primary, 23, 
615451 (3), Autosomal recessive 
AVPR2 ER +++ Diabetes insipidus, nephrogenic, 
304800 (3), X-linked recessive; 
Nephrogenic syndrome of 
inappropriate antidiuresis, 300539 
(3), X-linked recessive 
BCL7A Nucleus +++ B-cell non-Hodgkin lymphoma, 
high-grade (3) 
C21ORF59 Cytosol +++ Ciliary dyskinesia, primary, 26, 
615500 (3), Autosomal recessive 
CCDC65 Mitochondria +++ Ciliary dyskinesia, primary, 27, 
615504 (3), Autosomal recessive 
CDC14A others_short 
segment on Apical 
Cortex 
+++ Deafness, autosomal recessive 105, 
616958 (3), Autosomal recessive 
CDKN1B Nucleus +++ Multiple endocrine neoplasia, type 
IV, 610755 (3), Autosomal dominant 
CERKL Axoneme & 
Basolateral 
Membrane 
++ Retinitis pigmentosa 26, 608380 (3) 
COL4A3BP Golgi ++ Mental retardation, autosomal 
dominant 34, 616351 (3), Autosomal 
dominant 
CYP27A1 Apical Cortex +++ Cerebrotendinous xanthomatosis, 
213700 (3), Autosomal recessive 
DIS3L2 Cytosol + Perlman syndrome, 267000 (3), 
Autosomal recessive 
DLX3 Nucleus ++ Amelogenesis imperfecta, type IV, 
104510 (3), Autosomal dominant; 
Trichodontoosseous syndrome, 
190320 (3), Autosomal dominant 
ELMOD3 Basal Body +++ ?Deafness, autosomal recessive 88, 
615429 (3), Autosomal recessive 
FAM161A Nucleus & 
Microtubule 
+++ Retinitis pigmentosa 28, 606068 (3) 
FLNA Cytosol +++ Cardiac valvular dysplasia, X-linked, 
314400 (3), X-linked recessive; 
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Congenital short bowel syndrome, 
300048 (3), X-linked recessive; FG 
syndrome 2, 300321 (3); 
Frontometaphyseal dysplasia 1, 
305620 (3), X-linked recessive; 
Heterotopia, periventricular, 300049 
(3), X-linked dominant; Intestinal 
pseudoobstruction, neuronal, 300048 
(3), X-linked recessive; Melnick-
Needles syndrome, 309350 (3), X-
linked dominant; Otopalatodigital 
syndrome, type I, 311300 (3), X-
linked dominant; Otopalatodigital 
syndrome, type II, 304120 (3), X-
linked dominant; Terminal osseous 
dysplasia, 300244 (3) 
GORAB Foci in 
cytosol_Trafficing 
foci 
++ Geroderma osteodysplasticum, 
231070 (3), Autosomal recessive 
IFT140 Axoneme  + Short-rib thoracic dysplasia 9 with or 
without polydactyly, 266920 (3), 
Autosomal recessive 
KIF1C ER ++ Spastic ataxia 2, autosomal recessive, 
611302 (3), Autosomal recessive 
KIF22 Nucleus + Spondyloepimetaphyseal dysplasia 
with joint laxity, type 2, 603546 (3), 
Autosomal dominant 
LMNA Nucleus +++ Cardiomyopathy, dilated, 1A, 
115200 (3), Autosomal dominant; 
Charcot-Marie-Tooth disease, type 
2B1, 605588 (3), Autosomal 
recessive; Emery-Dreifuss muscular 
dystrophy 2, AD, 181350 (3), 
Autosomal dominant; Emery-
Dreifuss muscular dystrophy 3, AR, 
616516 (3), Autosomal recessive; 
Heart-hand syndrome, Slovenian 
type, 610140 (3), Autosomal 
dominant; Hutchinson-Gilford 
progeria, 176670 (3), Autosomal 
recessive, Autosomal dominant; 
Lipodystrophy, familial partial, type 
2, 151660 (3), Autosomal dominant; 
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Malouf syndrome, 212112 (3), 
Autosomal dominant; 
Mandibuloacral dysplasia, 248370 
(3), Autosomal recessive; Muscular 
dystrophy, congenital, 613205 (3), 
Autosomal dominant; Muscular 
dystrophy, limb-girdle, type 1B, 
159001 (3), Autosomal dominant; 
Restrictive dermopathy, lethal, 
275210 (3), Autosomal recessive 
LRTOMT Axoneme & Fiber 
in cytosol 
+++ Deafness, autosomal recessive 63, 
611451 (3), Autosomal recessive 
NEXN Apical Cortex +++ Cardiomyopathy, dilated, 1CC, 
613122 (3); Cardiomyopathy, 
hypertrophic, 20, 613876 (3), 
Autosomal dominant 
NOTCH2 ER +++ Alagille syndrome 2, 610205 (3), 
Autosomal dominant; Hajdu-Cheney 
syndrome, 102500 (3), Autosomal 
dominant 
PALLD Apical Cortex +++ {Pancreatic cancer, susceptibility to, 
1}, 606856 (3) 
PLS3 Apical Cortex +++ Bone mineral density QTL18, 
osteoporosis 
PKP2 Basal Body & 
Junction & 
Axoneme 
+++ Arrhythmogenic right ventricular 
dysplasia 9, 609040 (3), Autosomal 
dominant 
PLOD3 ER ++ Lysyl hydroxylase 3 deficiency, 
612394 (3), Autosomal recessive 
RAB28 Everywhere +++ Cone-rod dystrophy 18, 615374 (3), 
Autosomal recessive 
RSPH3 Axoneme & 
Nucleus 
++ Ciliary dyskinesia, primary, 32, 
616481 (3), Autosomal recessive 
SH3GL1 Apical 
Cortex&Junction 
+++ Leukemia, acute myeloid, 601626 
(1), Autosomal dominant 
SLC22A5 ER +++ Carnitine deficiency, systemic 
primary, 212140 (3), Autosomal 
recessive 
SLC4A1 ER +++ [Blood group, Diego], 110500 (3); 
[Blood group, Froese], 601551 (3); 
[Blood group, Swann], 601550 (3); 
[Blood group, Waldner], 112010 (3); 
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[Blood group, Wright], 112050 (3); 
Cryohydrocytosis, 185020 (3), 
Autosomal dominant; [Malaria, 
resistance to], 611162 (3); 
Ovalocytosis, SA type, 166900 (3), 
Autosomal dominant; Renal tubular 
acidosis, distal, AD, 179800 (3), 
Autosomal dominant; Renal tubular 
acidosis, distal, AR, 611590 (3), 
Autosomal recessive; Spherocytosis, 
type 4, 612653 (3), Autosomal 
dominant 
SPARC ER & Apical 
Cortex 
+++ Osteogenesis imperfecta, type XVII, 
616507 (3), Autosomal recessive 
SPECC1L others_fibers ++ ?Facial clefting, oblique, 1, 600251 
(3), Isolated cases; Opitz GBBB 
syndrome, type II, 145410 (3), 
Autosomal dominant 
SPEG Everywhere + Centronuclear myopathy 5, 615959 
(3), Autosomal recessive 
SPRED1 others_Basolateral 
Membrane & Foci 
+++ Legius syndrome, 611431 (3), 
Autosomal dominant 
TCTN3 Basal Body & Foci 
in cytosol 
++ Joubert syndrome 18, 614815 (3), 
Autosomal recessive; Orofaciodigital 
syndrome IV, 258860 (3), Autosomal 
recessive 
TFAP2A Cytosol +++ Branchiooculofacial syndrome, 
113620 (3), Autosomal dominant 
TMEM38B ER +++ Osteogenesis imperfecta, type XIV, 
615066 (3) 
TPRN Nucleus +++ Deafness, autosomal recessive 79, 
613307 (3), Autosomal recessive 
TRIM37 Basal Body & 
Junction 
++ Mulibrey nanism, 253250 (3), 
Autosomal recessive 
TTC7A Basal Body & 
Cytosol 
++ Gastrointestinal defects and 
immunodeficiency syndrome, 
243150 (3), Autosomal recessive 
UQCRQ Cytosol +++ Mitochondrial complex III 
deficiency, nuclear type 4, 615159 
(3), Autosomal recessive 
WDR60 Basal Body +++ Short-rib thoracic dysplasia 8 with or 
without polydactyly, 615503 (3), 
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Autosomal recessive 
    










Appendix C Knock out and knock down verification 
 
Figure C.1 The verifications of Morhpolino knocknockdownown and CRIPR knockout  
(A) The level of Arhgef18 was efficiently reduced by Arhgef10 antisense nucleotides. The level of 
Arhgef18 was decreased by 71% in Arhgef18 knockdown compared to controls. EF1a, a reference gene.  
(B) The level of Dennd2b was significantly reduced by injections of Dennd2b antisense nucleotides. The 
transcript level of Dennd2b was decreased to 26% and 23%, respectively compared to controls. EF1a, a 
reference gene. (C) T7 Endonuclease I (T7EI) assay showed Dennd2b CRISPR induced genomic mutation 
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